Detailed biophysical characterization of computationally designed proteins has become increasingly important in order to thoroughly understand the properties of these variants compared with wild-type and to apply this knowledge to future designs. The protein dynamics and structural properties of a computationally designed variant (D1.5) of the b1 domain of streptococcal protein G (Gb1) were measured using multinuclear NMR methods. Results from relaxation, diffusion and hydrogen exchange experiments indicate that the variant weakly self-associates at NMR concentrations, with evidence for multiple binding sites. Although comparison of fast ( ps -ns) timescale motions shows only small differences in dynamics between D1.5 and wild-type, results from the measurement of intermediate (ms -ms) timescale motions are very different. Significant backbone conformational exchange has been observed in the variant at positions all along the sequence, whereas the wild-type Gb1 shows little evidence for this type of motion. This increased conformational exchange in D1.5 has been attributed to core overpacking resulting from the incorporation of two large hydrophobic side chains and the loss of an aromatic T-stacking interaction. These data highlight, in detail, the potential consequences of incorporating major perturbations in the core of a protein and the need to carry out more detailed analyses of the biophysical properties of designed proteins in order to better understand and predict the effects of mutations. Keywords: backbone dynamics/computational protein design/conformational exchange/ORBIT/protein Gb1
Introduction
Computational protein design has progressed significantly over the past 10 years, moving from simple proof-of-principle designs to full-sequence and de novo fold designs (Dahiyat and Mayo, 1997; Harbury et al., 1998; Kuhlman et al., 2003; Looger et al., 2003) . Most research has involved efforts to learn how to generate protein sequences that fold to specified templates and remain stably folded. For the past several years, researchers have started tackling the design of proteins that carry out biological functions. Despite this, the standard method of characterizing new sequences has remained largely the same. In general, the success of each design continues to be judged based primarily on the degree of its thermal stability and how closely its NMR or X-ray crystal structure matches the target fold. However, a great deal of theory and knowledge will be required to achieve the transition from the design of proteins with specific folds to those with specific biological functions. As a result, increasing numbers of protein design researchers are realizing that the pursuit of more detailed biophysical characterization of their designs is essential to bridge the gap (Gillespie et al., 2003) . Considering the emphasis on the importance of core packing in computational design software development over the past decade (Johnson et al., 1999; Walsh et al., 2001; Ventura et al., 2002) , researchers are also beginning to understand that analysis of protein dynamics in addition to protein structure could be a critical component to future design capabilities. Detailed biophysical analysis can help to explain the properties (such as thermal stability) of previously designed variants and to aid in improving the rate of success in sequence generation and in the incorporation of desired functionality.
Interestingly, the few currently existing publications that describe protein motions in designed proteins have already provided a wide variety of results. On one end of the range, the de novo designed protein a 3 D has a core that is much more 'malleable' than naturally occurring proteins of a similar size (Walsh et al., 2001) . On the other end of the range, both the redesigned human U1A protein (Dobson et al., 2006) and the 7-fold core mutant of ubiquitin (Johnson et al., 1999) exhibit fast timescale dynamics that are virtually indistinguishable from that of their respective wild-type proteins, but have little or none of the observed wild-type conformational exchange. The limited number of reports on dynamics in designed proteins prevents us from drawing general conclusions about the causes and functional implications of increased or decreased protein motions, but the reports that do exist suggest that the characterization of protein motions in these designs can provide significant insight into the factors governing design success.
The incorporation of algorithms allowing for backbone positions that differ from the starting conformation (in addition to side chain placement) has also been a longstanding goal of many computational design groups, since it permits the generation of a greater variety of sequences and is likely to be an important component of enzyme design. Although some steps have been taken towards full backbone variability (Harbury et al., 1998; Desjarlais and Handel, 1999; Larson et al., 2002; Zavodszky et al., 2004; McCammon, 2005) , success is still elusive. Previously, we used the b1 domain of streptococcal protein G (Gb1, Fig. 1A ) as a template to test the robustness of the ORBIT protein design Abbreviations and symbols: CLEANEX-PM, phase-modulated CLEAN chemical exchange; DSS, 2,2-dimethyl-2-silapentane-5-sulfonate sodium salt; D1.5, a 6-fold variant of core residues of Gb1; D1.5(H), a higher concentration sample of the variant at 3.0 mM; D1.5(L), a lower concentration sample of the variant at 1.1 mM; HSQC, heteronuclear single-quantum coherence spectroscopy; IPTG, isopropyl b-D-1-thiogalactopyranoside; J(0), J(0.87v H ) and J(v N ), spectral density functions derived at zero, proton and nitrogen frequencies, respectively; NOE, nuclear Overhauser enhancement; R 1 , longitudinal relaxation rate constant; R 2 , transverse relaxation rate constant; R 2 8, exchange-free transverse relaxation rate constant; R ex , chemical (conformational) exchange contribution to R 2 .
software package in choosing amino acids to respond to changes in the positioning of supersecondary structural elements (Su and Mayo, 1997) . The overall goal was to develop methods that would permit small rearrangements in backbone conformation during sequence design calculations. One design from this exercise, originally named Dh 1.0 [+1.50 Å ] and now referred to as D1.5, is a variant with six mutations at the most buried (core) positions (Fig. 1B) . It was generated while attempting to obtain sequences that could support a Gb1 backbone conformation in which the helix was translated by 1.5 Å away from the plane of the b-sheet (Su and Mayo, 1997) . The design was observed to fold to a stable tertiary structure with a melting temperature, T m = 738C, which is only 128C lower than wild-type.
When the NMR solution structure of D1.5 was solved (Ross et al., 2001) , two interesting observations were made. The first was that the fold more closely matched the wild-type structure than the template used in the computational design process, most likely rendering the core overpacked (Ross et al., 2001) . Second, evidence for dynamic behavior in the backbone and side chains of the variant was observed. In Ross et al. (Ross et al., 2001) , it is hypothesized that these two observations are connected and that, in order for the protein to remain folded, the overpacking of the core must be offset by something such as local structural fluctuations.
In this report, we use a variety of solution-state NMR methods to pursue a detailed analysis of the motions of backbone amide groups at both fast ( ps -ns) and intermediate (ms -ms) timescales to assess the impact of the core mutations and unexpected structural properties of the computationally designed variant D1.5. We have found evidence of transient dimer formation in the protein at NMR concentrations and extensive intermediate timescale conformational exchange that is not present in the wild-type protein.
When probing fast timescale backbone motion, however, we observe little difference between the wild-type and variant, except for slightly increased rigidity in the variant. Results indicate that the causes of the increased conformational dynamics arise primarily from core overpacking and the loss of an aromatic T-stacking interaction. Also discussed is the correlation between protein dynamics and core overpacking, the correlation between dynamics and thermal stability, attempts to map the dimer interfaces, as well as the implications of the results to protein design.
Materials and methods

Sample preparation
All isotopically labeled reagents were purchased from Cambridge Isotope Labs.
The variant construct has been described previously (Su and Mayo, 1997 C glucose) and shaken at 378C overnight. This culture was centrifuged (5000 rpm, 308C, 5 min) and the pellet was resuspended into 950 ml minimal medium containing 100 mg l 21 ampicillin. The flask was shaken at 378C until A 600 $0.7 at which time the culture was induced by adding IPTG (250 mg l 21 of culture) and then transferred to 308C to shake overnight before harvesting.
For deuterated samples, carbenicillin (100 mg l
21
) was utilized in all cultures instead of ampicillin due to its resistance to breakdown during long incubation times. A single colony of freshly transformed E.coli BL21(DE3) carrying the variant Gb1 plasmid was inoculated into a 100 ml solution of LB and shaken at 378C ($ 6 h). A small fraction of this culture was used to inoculate 100 ml of C-glucose M9 medium in a 2.8 l fernbach flask (for a starting A 600 $0.1). The solution was shaken (250 rpm, 378C) until A 600 $0.6 at which time protein expression was induced by adding IPTG (250 mg l 21 of culture); the flask was then transferred to 308C and grown overnight before harvesting.
Pellets were lysed using a freeze -thaw protocol (Johnson and Hecht, 1994) and purified by reversed-phase highperformance liquid chromatography using an acetonitrile/ water gradient containing 0.1% trifluoroacetic acid.
NMR experiments
All NMR experiments were recorded at 258C on protein samples in sodium phosphate buffer (50 mM, pH 6), 10% D 2 O, 0.2 mM DSS (unless otherwise noted), recorded on a Varian Inova 600 MHz spectrometer equipped with a pulsedfield gradient triple resonance probe. 05, 6.08, 8.10, 10.13, 12.15, 14.18, 16.20, 18.23, 20.25, 24.30, 26.33 and 30 .38 G/cm (recorded in random order to reduce systematic errors during data measurement). Peak intensities were fitted to the equation:
where G is the field strength of the encoding and decoding gradients (g 2 ), I(G) is the peak intensity at measured at field strength G, I(0) is the peak intensity at G = 0, g is the proton gyromagnetic ratio (2.675 Â 10 4 rad G 21 s
21
), D is the diffusion coefficient and the delays (d and D) are defined in the original pulse sequence (Choy et al., 2002 N-labeled wildtype Gb1 (2.6 mM, pH* 5.8). Fast exchange of amide protons with water was monitored using a CLEANEX-PM pulse sequence (Dempsey, 2001) on 15 N-labeled samples of D1.5 (2.6 mM, pH 6) and wild-type Gb1 (2.5 mM, pH 6). Each 2D spectrum was recorded with spectral widths of 7509.6 Hz with 614 complex points in F 2 ( 1 H) and 2000 Hz over 128 complex points in F 1 ( 15 N). A series of 10 spectra were collected with CLEANEX mixing times ranging from 2.5 to 100 ms. A least-squares fitting procedure was employed to extract NH proton exchange rate constants, k obs (Hwang et al., 1998) . Amide proton protection factors were calculated from the results of all hydrogen exchange experiments as k int /k obs , where k int are the intrinsic exchange rate constants that were estimated using the internet program SPHERE (http://www.fccc.edu/ research/labs/roder/sphere/) based on methods developed by Englander and co-workers (Bai et al., 1993) .
Relaxation experiments Spectra were recorded on a 15 N/ 2 Hlabeled sample of wild-type Gb1 (1.5 mM) and 15 N/ 2 Hlabeled samples of D1.5 (1.1 mM and 3.0 mM).
15
N longitudinal (R 1 ) and transverse (R 2 ) relaxation rate constants and 15 N-1 H steady-state NOEs were measured using twodimensional 1 H-detected heteronuclear pulse sequences employing sensitivity-enhanced gradient coherence selection (Farrow et al., 1994) . All spectra were recorded with spectral widths of 7509.6 Hz with 1024 complex points in 
Data processing and analysis
All NMR spectra were processed and analyzed on a Linux-based PC using NMRPipe/NMRDraw (Delaglio, 1995) and NMRView (Johnson and Blevins, 1997; Johnson and Blevins, 1994) software, respectively. Relaxation data were analyzed using both NMRView (for NOE data) and CurveFit software . Error estimates for R 1 and R 2 data were calculated using Monte Carlo simulations. Steady-state NOE values were calculated from the ratio of peak intensities from spectra with and without proton saturation, and errors were estimated from the variation in values from triplicate spectra.
Analysis of raw data from the cross-correlation relaxation experiments to obtain the values of h xy and h z was as described in the original publication of the experiments (Kroenke et al., 1998) . Estimation of the transverse relaxation rate constant, R 2 8, that is free of conformational exchange contributions, is calculated from:
where
h xy and h z are the transverse and longitudinal crosscorrelation rate constants, respectively and g N and g H are the gyromagnetic ratios for 15 N and 1 H, respectively (Kroenke et al., 1998) . The value of the conformational exchange contribution can then be calculated for each 15 N spin from:
Reduced spectral density analysis was performed using a suite of Mathematica (Wolfram Research, 2005) notebooks written by the Spyracopoulos lab at the University of Alberta for analysis of 15 N backbone relaxation data (Spyracopoulos, 2006) . The input parameters for these calculations utilized R 1 , R 2 8 and NOE data and the results should, therefore, reflect only fast timescale motions (with no contribution to J(0) from intermediate timescale motions).
Chemical shift assignments, R 1 , R 2 , R ex and hydrogen exchange experimental data have been deposited online at the BMRB (accession number 15408).
Results
Chemical shift assignment
Previous experiments on the D1.5 protein variant were carried out using homonuclear NMR techniques (Su and Mayo, 1997; Ross et al., 2001 (Kay et al., 1992; Muhandiram and Kay, 1994 ).
Observation of a D1.5 homodimer Significant differences in transverse relaxation rate constant (R 2 ) values were observed when comparing data from the higher (3.0 mM) and lower (1.1 mM) concentration samples of D1.5 (which will herein be indicated by D1.5(H) and D1.5(L), respectively). Since R 2 is heavily influenced by changes in molecular weight, it became clear that the variant forms a homodimer in solution at NMR concentrations (more details of relaxation experimental results are discussed in later sections). Because the interaction is clearly weak (based on the results of diffusion experiments, below), efforts to identify the binding interface of the homodimer have proven difficult. First, chemical shift analysis indicates only small changes in both 1 H and 15 N chemical shifts (less than 0.04 and 0.15 ppm, respectively, data not shown), even over a large change in concentration (0.1 to 3.8 mM), and do not highlight a clear binding interface. Second, hydrogen exchange experiments show no increases in protection factors in any region of D1.5 compared to wild-type Gb1 (in fact, there are significant decreases observed: see the hydrogen exchange experimental results, below). Finally, NOE experiments designed to measure intermolecular contacts (Zwahlen et al., 1997) would be unsuccessful on such a weak dimer, since the transient nature of the interaction would preclude observation of any crosspeaks. Based on concentration-dependent changes observed for some residues in several experiments (which include diffusion, hydrogen exchange and relaxation experiments), we are able to speculate on possible dimer interface sites (see Discussion), but detailed structural characterization of the complex is currently not feasible.
Diffusion experiments
The dissociation constant for self-association of D1.5 was expected to be in the low millimolar range; as a result, we opted to use NMR diffusion experiments to estimate K D . A 2D version of the stimulated echo LED (Longitudinal Encode-Decode) experiment was recorded rather than the standard 1D version, since it removes background 'noise' from the peak intensity measurements arising from sample impurities (i.e. small molecules such as glycerol) and reduces the contribution of protein aggregates to the signal (Choy et al., 2002) . Raw data were recorded and analyzed as outlined in Materials and Methods.
Translational diffusion coefficients were measured at five different concentrations of D1.5. An estimation of the dissociation constant for formation of the weak homodimer was obtained by fitting the data to a four-parameter sigmoid equation (Fig. 2) :
where D o is the lowest diffusion coefficient value, a is the range of D values, b is the width of the transition and x o , the transition point for the curve, is also equal to the dissociation constant (K D ). The K D for monomer -dimer exchange in D1.5 can, therefore, be estimated at 1.94 + 0.02 mM.
Considering the weakness of the interaction and taking into account the results of other experiments performed to characterize the dimer (including H/D exchange, see below), it is possible that the self-association is non-specific and that several different dimer orientations are sampled in solution.
Hydrogen exchange experiments
Amide proton exchange was monitored for both D1.5 and wild-type Gb1, utilizing standard H/D exchange methods and the CLEANEX-PM pulse sequence (Hwang et al., 1997) to measure slow and fast timescale exchange, respectively. Per-residue protection factors are displayed in Fig. 3 . There is a significant difference between amide protection in the wild-type and variant, particularly in regions including the b 2 strand (residues 12-19), the N-terminal tail of the a-helix (residues 21-25) and the long loop between residues 36 and 41. Even the maximum protection factors for residues in D1.5 are at least one order of magnitude lower than that of the wild-type protein; after 24 h of H/D exchange, there was very little peak intensity remaining in the D1.5 spectrum, while there were still a number of fairly intense peaks remaining in the wild-type spectrum. N NOE experiments were recorded at 258C to measure fast ( ps -ns) timescale dynamics. In addition, longitudinal (h z ) and transverse (h xy ) cross-correlation relaxation rate constants were measured to separate contributions to R 2 data from intermediate (ms -ms) timescale conformational exchange (R ex ) and purely fast timescale (R 2 8) motions (Kroenke et al., 1998) . Refer to the Materials and Methods section for more information on the extraction of R ex values. Data from residues F3 and I6 in D1.5 were excluded due to spectral overlap, and weak (broadened) resonances prevented measurement of h xy and h z values for residues E27 and T53 in the variant. Figure 4 shows the differences in intermediate timescale (R ex ) protein dynamics between wild-type Gb1 and the D1.5 variant at both concentrations. Noting that R ex values .1 s
Relaxation measurements
Conformational exchange
21
(above the dotted line in Fig. 4A and C) are considered significant (Hass and Led, 2006) , it is clear that wild-type Gb1 exhibits no notable intermediate timescale backbone motion (Fig. 4A) , while both D1.5(H) and D1.5(L) exhibit significant conformational exchange at many points along the entire sequence (Fig. 4C) . The difference is illustrated in Fig. 4B , D and E, in which the R ex values of wild-type, D1.5(H) and D1.5(L) are mapped onto the tertiary structures of each respective protein. These differences are further highlighted in Table I , which lists the average R ex values over all backbone amides for the wild-type and two D1.5 samples.
One issue to consider is whether R ex arises from intramolecular conformational exchange, or whether it is merely reflecting the monomer -dimer exchange process. A simple method to assess this is to measure the concentration dependence of R ex at each position in the sequence (Pfuhl et al., 1999) . A bar graph indicating the ratio of the R ex values for D1.5(L):D1.5(H) is shown in Fig. 4F as a function of residue number. Bars that are colored in light green (and segments colored green on the ribbon diagram in Fig. 4G ) indicate sequence positions with significant concentration dependence, resulting in lower than average R ex ratio values; thus, the R ex values from these positions contain a monomerdimer exchange component. These residues include 11, 21 and 22 in tight turns, 13, 14 and 16 in the b 2 strand, residues 28, 30, 32 and 36 in the helix and 45 in the b 3 strand. Interestingly, there is also a small subset of residues (numbers 4, 26, 39, 50 and 51) that have increased values of R ex with decreasing concentration.
If the following relation is applied:
where P tot is the total protein concentration and f m is the fraction monomer in solution then the monomer:dimer ratio for D1.5(H) is 43:57 and for D1.5(L) is 60:40. The ratios, therefore, indicate that relaxation data recorded at both sample concentrations reflect motion from both the monomer and dimer species of D1.5. Despite this, it is clear that significant differences in protein dynamics are observed between the Dark-colored bars represent data acquired through standard H/D exchange experiments (for amide hydrogens that exchange slowly), whereas light-colored bars represent data recorded using CLEANEX-PM experiments (for direct measurement of rapid amide proton exchange with water). Bars marked with a white star (*) indicate the most protected amides; for these, insufficient exchange occurred during the period of the experiment and prevented our ability to fit the data to obtain rates of exchange. The maximum log scale value for wild-type protection factors is 6.5, but the y-axis of A is limited to a maximum of 4.5 in comparison with B. The figure was generated using SigmaPlot (SPSS, 2001).
Chemical exchange in a designed protein G variant higher and lower concentration samples, and that these motions primarily reflect dynamics from the more populated species in each sample. For example, it can be seen from the relaxation data (see Supplementary data available at PEDS online, and the results of reduced spectral density mapping in Fig. 5 ) that the trends in backbone motion for D1.5(L) are a hybrid of the data from wild-type and D1.5(H), with more similarity to the former. Although a lower sample concentration for D1.5(L) would be ideal for more accurate comparison between monomeric D1.5 and wild-type Gb1 many of the relaxation experiments (especially the cross-correlation relaxation experiments) have low sensitivity and, therefore, could not be measured on samples of D1.5 that were lower than 1 mM. 
Reduced spectral density mapping
Data from fast timescale relaxation experiments were analyzed using reduced spectral density mapping (Farrow et al., 1995) and Monte Carlo simulations were used to estimate errors (Spyracopoulos, 2006) . Reduced spectral density mapping (Farrow et al., 1995) was applied rather than the more common model-free formalism (Lipari and Szabo, 1982a; , because the latter must make assumptions about the molecular anisotropy and internal motions of the protein.
Since D1.5 is engaged in monomer -dimer exchange in solution, and since the dimer formation may be non-specific, we cannot draw any concrete conclusions on the shape (and, therefore, degree of anisotropic tumbling) or internal motions of D1.5. Thus, reduced spectral density analysis is a more prudent choice, as model-free analysis would be difficult to interpret due to the concentration dependence of the relaxation constant (and, therefore, the order parameter) values (Lefèvre et al., 1996) . J(0), J(0.87v H ) and J(v N ) data are shown in Fig. 5A -C, respectively, for wild-type Gb1 as well as D1.5(H) and D1.5(L). Fast timescale protein dynamics are generally indicated by increased values of J(v H ) and decreased values of J(0) and J(v N ). Significantly increased values of J(0) are normally indicators of intermediate timescale motion; however, our calculations utilized R 2 8 data as input and, therefore, the J(0) values reported in Fig. 5A (and Supplementary data available at PEDS online) reflect only fast timescale motions. Table I lists average and standard deviation values for all samples. The differences in these averages can be attributed primarily to the oligomerization state of the different proteins: J(0) values increase, J(0.87v H ) values decrease and J(v N ) values decrease slightly with higher average molecular mass. In general, the trends of J(0) and J(v N ) values for the D1.5(L) sample closely match those of the wild-type, while the J(0) values for D1.5(H) are more varied. Values of J(0.87v H ) have the same general pattern for all samples, although they fluctuate over a wider range for wild-type Gb1. The J(v N ) values are mapped onto tertiary structures of wild-type (Fig. 5D ), D1.5(H) (Fig. 5E ) and D1.5(L) (Fig. 5F ) to provide structural context for the similarities and differences in fast timescale motions between the protein samples.
As can be seen from Fig. 5D and F, the fast timescale dynamics are similar between wild-type Gb1 and D1.5(L): both exhibit increased motions near the N-terminus of the b 2 strand (residues 12 -14), in the long loop between the helix and b 3 strand (residues 40-41) and in the turn between the b 3 and b 4 strands (residue 48). However, wild-type protein Gb1 shows spikes of flexibility throughout the b 2 strand at positions 12, 15, 17 and 19; this is especially apparent from the J(0.87v H ) data and corresponds to residues for which the backbone amide is not participating in strand-to-strand hydrogen bonding. D1.5 (at both concentrations) also differs from wild-type in the long loop between the helix and b 3 strand since fast timescale dynamics are observed over a larger range of residues (37 -41 compared to 40-41). Within the helix, there is little evidence for fast timescale motion although the positions of small observed increases are distributed differently for each sample. However, in both D1.5 samples, values of J(0) and J(v N ) near residues 33-35 are much higher than average (Table I) , and lower than average in J(0.87v H ), indicating that this region of the helix is particularly rigid in the variant at fast timescales. In comparing data from D1.5(L) to that of D1.5(H), both exhibit similar patterns of fast timescale motions throughout the sequence with the exception of minor differences in the loop between the b 2 strand and helix and at a couple of positions along the helix (Fig. 5E and F) .
Discussion
Support for a D1.5 homodimer rather than a higher-order oligomer
In Fig. 2 , the plot of diffusion coefficient values as a function of concentration can be fit to a sigmoidal curve, providing evidence for self-association of D1.5 at NMR concentrations. This is supported by the fact that the maximum and minimum measured diffusion coefficients correlate with known monomeric and dimeric samples of protein Gb1, respectively: the datum point of D manuscript in preparation) . Based on these data we conclude that D1.5 forms a dimer in solution rather than a higher oligomeric state in this range of concentrations.
Conformational exchange in the variant is lacking in wild-type Gb1
Both D1.5(H) and D1.5(L) exhibit significant intermediate conformational exchange at backbone amide positions throughout the molecule, compared to no notable exchange (no R ex values .1 s
21
) in the wild-type (Fig. 4A and B) . This is supported by a reasonable inverse correlation between R ex values and peak intensities in the HSQC spectra: 64% of amides (at both D1.5 sample concentrations) with high R ex (.1 s 21 ) have below average peak intensities, while 75% of amides with low or no R ex (0.R ex .1 s 21 ) have above average peak intensities (data not shown). Additionally, there are no dynamics data for the side chain N11 of W52 because there is no peak for this in the HSQC; this is supportive of intermediate timescale exchange taking place in the core of D1.5 which results in a fully broadened spectral resonance. There is also an inverse correlation between R ex values and backbone amide protection factors: 69% of the amides with the lowest protection from water (measured using CLEANEX-PM) correspond to amides with high R ex values (.1 s 21 ) ( Figs 3B and 4C, respectively) . The hydrogen exchange and CLEANEX experiments were originally recorded in an attempt to map the dimer interface in D1.5 (to look for increases in amide protection compared to wild-type), but it is now clear that these experiments reflect the conformational exchange taking place along the backbone of the variant.
Concentration dependent R ex and CLEANEX data suggest non-specific dimer formation for D1.5
Interpretation of experiments measuring conformational exchange of the D1.5 variant must take into account that each R ex value may contain a component reflecting monomer-dimer exchange instead of representing only intermediate timescale intramolecular motion. While it is possible that most or all of the R ex values include a small portion of this exchange, there is a distinct group of residues whose R ex values have considerable concentration dependence (Fig. 4F) . However, rather than seeing these residues map to a single specific region of the tertiary structure we instead observe that one subset of residues (11, 13, 14 and 36) clusters in one general region to form a loose dimer interface, while other residues (21, 22, 28, 30-32 and 45) are scattered throughout the molecule (Fig. 4G) .
In comparing the results from CLEANEX experiments recorded on a 0.98 mM sample (data not shown) to the 2.6 mM sample of D1.5 (Fig. 3B) , there are several residues for which the amide protection factor is concentration dependent, suggesting that the residues are in or near a dimer interface: protection factors decrease with decreasing concentration at positions 9, 10, 16 and 35-37. All of these residues (except 16) map to the region of the molecule that includes the C-terminus of the helix and the loop between strands b 1 and b 2 . Analysis of concentration dependence from CLEANEX data is more informative in this case than data from standard H/D exchange experiments because the former reflect fast-exchanging protons on the timescale of seconds and would be much more likely to capture the formation and dissociation of transient interface interactions than H/D exchange, which reflects slow self-association events on the timescale of minutes.
The region of D1.5 in which residues show concentration dependence in CLEANEX is also observed in R ex experiments. However, as has already been mentioned, there are additional concentration dependent residues seen only in the R ex data which are scattered in several regions throughout the molecule. It is possible that the R ex data highlight multiple sites of non-specific self-association for the D1.5 variant that are populated very briefly (the most transient of which are probed only in the ms-ms timescale regime), while the CLEANEX data represent the most common interface site which is populated for the longest period of time and, therefore, can be seen in the timescale of the CLEANEX experiments in addition to the faster timescale of the R ex experiments. Kinetics experiments might be helpful in elucidating the k on and k off of the interaction to confirm this hypothesis.
One possible reason for the dimer interface (near the b 1 /b 2 loop and helix C-terminus) that can be observed in both CLEANEX and R ex data is that the hydrophobic surface of residue L12 is 30% less buried in D1.5 compared to wildtype, as calculated by the program QSURF, which is a component of the ORBIT software package. This local increase in hydrophobicity on the surface of the molecule could be enough to promote weak self-association in this region.
Although we have determined that R ex in the b 2 strand region is mainly reflective of monomer -dimer exchange, the extremely low protection factors from H/D exchange experiments indicate that this region is also involved in some slow intramolecular exchange. Using the equation DG8 HX =RT ln(PF) (where PF is the protection factor for a given amide group) one can calculate an average DG for local and global conformational equilibria (that allow hydrogen exchange to take place) (Lee et al., 2005) . The average for wild-type protein Gb1 over the entire molecule can be estimated at DG8 HX $22 kJ/mol, while for D1.5 DG8 HX $14 kJ/mol, confirming there is a significantly lower barrier to conformational exchange for the variant compared to wild-type.
For a few residues (4, 26, 39, 50 and 51), R ex increases with decreased concentration. Previous researchers have suggested that positions within a protein that undergo reduction of intramolecular conformational exchange upon dimerization are close to the dimer interface (Å kerud et al., 2002) . However, in analyzing the data from D1.5, we see that these residues are directly adjacent to positions with some of the lowest levels of concentration dependence in R ex and some of the highest values of R ex . Since Gb1 is a small domain, residues with this inverse concentration dependence may be reflecting the transmitted effects of dimer formation and dissociation rather than being directly involved in the dimer interface. This scenario is supported by experiments by Mayer et al. (Mayer et al., 2003) that have illustrated the existence of a network of short-and long-range correlated motions throughout the Gb1 backbone.
Conformational exchange in D1.5 is localized in two regions
The (non-concentration-dependent) data from experiments measuring intermediate timescale (ms -ms) protein dynamics have highlighted an intriguing correlation between core overpacking and conformational exchange. Backbone amide groups in D1.5 with the highest R ex values cluster primarily in two areas: the first area encompasses the long loop between the helix and b 3 strand, and surrounds the V39I and A34I mutations in the variant (located on the loop and at the C-terminal end of the helix, respectively) ( Fig. 4D and E) . In the latter mutation, the side chain volume is almost doubled compared to wild-type. In the NMR structure the Ile34 side chain comes into close contact with the side chains of residues 40 and 54 and this increased local crowding may, therefore, be a major cause of the observed intermediate timescale backbone motions for these residues. Future studies to characterize the protein dynamics of a variant without the A34I mutation may be able to confirm this assertion. It is important to note that, although the close packing is experienced by the side chains, it is easy to see how the effects of side chain overpacking might be transmitted to the backbone and therefore result in the observed backbone motions. Future experiments that monitor motions of side chain methyl groups in this region will be used to support the observed backbone dynamics.
Residues with increased backbone conformational exchange in the second region (near the N-terminus of the helix) are found at positions surrounding the F52W mutation (including 4, 22, 24, 25 and 51 , where the Trp side chain is in close proximity to the backbone at these positions and 43, where the two Trp side chains are in contact). Additionally, residues E27 (located on the helix directly across from W52) and T53 have such broadened peak intensity that we cannot report on hydrogen exchange data for residue 27 and on R ex data for both 27 and 53, indicative of significant intermediate timescale conformational exchange in that region. Thus, while a larger side chain such as W52 can be accommodated in the core of a Gb1-fold, it may be causing increased strain that is only relieved by the observed intermediate timescale dynamics. An additional reason for the increase in conformational exchange in this region may be due to the loss of an apparent aromatic T-stacking interaction between F30 and F52, which is replaced by mutations F30L and F52W in the D1.5 variant. This stacking interaction may have been an important source of rigid support within the core of wild-type Gb1 that is eliminated in the variant (Burley and Petsko, 1985) . A third ( previously observed) potential source for increased core motions is that the design of D1.5 did not provide for a hydrogen-bonding partner for the imino group on the Trp side chain at position 52 (Ross et al., 2001) .
In general, despite overpacking at various positions within the core of the D1.5 variant, the protein is still able to fold and is relatively thermostable. It is likely that the protein is able to remain folded with an overpacked core only by interchanging between various conformations, each of which offsets the overpacking in a slightly different way. It is this ensemble of conformations that is being observed indirectly through the R ex and, to a lesser extent, hydrogen exchange data.
A general decrease in fast timescale dynamics in D1.5
Although there are significant differences in intermediate (ms -ms) timescale backbone amide dynamics between wildtype Gb1 and the D1.5 variant, there are only small differences between the two proteins when assessing fast timescale ( ps -ns) motions. Overall, the region surrounding the F52W mutation in D1.5 seems to be more rigid at fast timescales, while the region around the A34I mutation shows evidence for some increased motion compared to wild-type. It is possible that, when probed for fast timescale motion, the increased rigidity in residues close to F52W may reflect solely side chain overpacking, while the impact of other factors (such as the loss of an aromatic T-stacking interaction) may only be detected at the slower timescale. Indeed, the loss in D1.5 of the alternating trends in backbone dynamics in the b 2 strand (Fig. 5B) might also reflect overpacking in the region. As in the wild-type Gb1, there are backbone amides in D1.5 that are not participating in cross-strand hydrogen bonding; however, observation of increased motions at these positions compared to hydrogen bonded positions may be dampened in D1.5 by the overpacked side chains. The increased fast timescale motion for D1.5 near A34I could be explained by the lower degree of defined secondary structure in that region: many of the side chains affected by this mutation are in the long loop between the helix and b 3 strand, so a wider range of timescales of motion may be available. In contrast, residues in the region near F52W are primarily found in secondary structural elements, which could restrict motion at fast timescales but still permit more global conformational exchange at slower timescales.
Assessing the relationship between the dynamics data and the variant structure
The original objective for the project that resulted in the D1.5 variant was to design a sequence with a tertiary structure whose helix was translated by 1.5 Å farther away from the b 2 -sheet than its position in wild-type protein Gb1. When the solution structure of the variant was solved, however, the fold had a backbone RMSD to the wild-type of 1.03 Å , compared with a RMSD of 1.26 Å to the design target backbone (Ross et al., 2001) . In looking at the core mutations that were obtained through the computational design process, the A34I and F52W mutations may have been the two most crucial changes needed to achieve the desired helix translation, since the other four mutations in D1.5 are conservative and do not appreciably increase the bulk in the core of the protein. As discussed above, the mutations at 34 and 52 introduce significant increases in side chain volume. It is, therefore, likely that these two mutations were expected to push the helix away from the b-sheet, since each is strategically placed in range of one end of the helix (A34I at the C-terminus and F52W pointing toward the N-terminus). Considering that the desired translation distance was relatively small, it would seem feasible that two carefully placed mutations would work. However, the design did not permit for an extension of the linker length at each end of the helix, particularly in the tight turn between b 2 and the N-terminus. This resulted in a restriction of the distance that the helix could be translated away from the b-sheet and suggests why the resulting NMR solution structure shows little displacement (Ross et al., 2001) and the two side chains have contributed to the core overpacking. Not surprisingly, it appears that the A34I and F52W mutations are located in the two regions of the molecule that show the majority of the changes in fast timescale backbone motions, intermediate timescale conformational exchange and decreases in amide proton protection factors. It may be considered unusual that conformational exchange has increased so drastically with these increases in side chain volume; in most previous studies, researchers have decreased side chain volume in order to probe increased conformational exchange (Hanson et al., 2003; Jarymowycz and Stone, 2006) . However, it is likely the combination of core overpacking, non-specific hydrophobic -hydrophobic core contacts and the loss of the aromatic ring T-stacking interaction in the variant can explain why we observe the opposite trend.
The correlation between stability, packing and conformational flexibility How do we reconcile an increase in the volume of buried hydrophobic groups and an increase in conformational flexibility (and presumably increased entropy in the folded protein) with a decrease in thermal stability in the D1.5 variant (T m = 738C) compared to wild-type (T m ¼ 858C) (Su and Mayo, 1997) , when others have observed a positive correlation between increased flexibility and increased thermal stability (Wand, 2001 )? Several years ago Ventura et al. (Ventura et al., 2002) explored the cost of 'conformational strain' in the core of a redesigned spectrin SH3 variant. Although tight packing of a hydrophobic core and increased burial of hydrophobic groups in the folded protein generally creates a more stable protein, it was found that the stability gain could be offset if the design resulted in extra side chain bulk that overpacked the core. The NMR structure of D1.5 does appear to have an overpacked core, as evidenced by the fact that the design has 1.11 the fraction of core side chain volume of wild-type (Su and Mayo, 1997) , but has a similar tertiary fold. It is likely that these factors have been sufficient to tip the fine balance between the benefits of tight packing and the cost of overpacking and give a protein with a lower (albeit still quite thermostable) melting temperature. The decreased thermostability of D1.5 compared to wild-type can be further explained by work carried out by Tang and Dill (Tang and Dill, 1998) , who found that protein stability is inversely correlated with flexibility that arises from larger fluctuations (such as those reflected in R ex data or the decreased protection factors for the variant).
Implications for protein design
Although the design of core variant D1.5 is the product of a test exercise, the results of the analyses of its structure and backbone protein dynamics highlight the possible consequences of incorporating major changes to the identities of amino acids within a given sequence. At this point the data indicate that core overpacking and/or increased non-specific core interactions are the major causes of the increased conformational exchange in the D1.5 variant of protein Gb1. Considering how important ms -ms timescale motion is in biological function ( particularly in enzyme activity) (Eisenmesser et al., 2005) , it would, therefore, be worth exploring both of these as possible design strategies. Support for the concept that non-specific interactions may cause intermediate timescale motions has recently arisen in a paper by Foulkes-Murzycki et al. (Foulkes-Murzycki et al., 2007) , who discuss 'hydrophobic sliding' in the core of HIV-1 protease and postulate that this could be a mechanism for protein dynamics. If this is the case, purposeful introduction of non-specific core interactions could be a method for introducing ms -ms timescale motions into protein designs, although care would need to be taken to permit increased dynamics while maintaining a well-folded and stable protein.
In the case of the D1.5 variant, it is interesting that the outcome of an effort to achieve one computational design goal has caused significant unintended side effects within the molecule. While the positive or negative implications of these effects are still to be determined, we must remain fully aware that these side effects are possible (and perhaps likely). These studies have helped to emphasize the need to characterize in more detail the biophysical properties of designed proteins in order to better understand and predict how mutations will affect the molecule, with future applications in the design of proteins that carry out biological functions.
Supplementary data
Supplementary data, including R 1 , R 2 8 (transverse relaxation rate constant that is free of chemical/conformational exchange contributions), NOE, h xy , h z and R ex data are provided for wild-type protein Gb1 and for the D1.5 variant at two concentrations, and are available at PEDS online.
